We previously reported that minocycline treatment of allergic asthmatic patients had oral steroid sparing effects and improved their clinical status and that minocycline suppressed in vitro induction of IgE responses by their PBMC. The effect of minocycline on human or animal IgE responses in vivo has not been studied. Allergic asthmatics (serum IgE: 505 6 535 IU ml 21 ) were given minocycline (150 mg po to 250 mg po BID) as add-on therapy to standard care for up to 10 months; control subjects (IgE: 405 6 472 IU ml 21
Introduction
We previously demonstrated that oral treatment of allergic asthmatic humans with minocycline, a well established antibiotic (1), improved their clinical status and had oral steroid sparing effects (2, 3) . Lee et al. (4) reported that another tetracycline, doxycycline, reduced airway hyperresponsiveness and inflammation in mice with toluene diisothiocyanateinduced asthma (4) . The mechanism(s) by which tetracyclines achieved these effects has not been studied, but could involve suppression of their IgE responses. In this regard, Kuzin et al. (5) demonstrated that doxycycline suppressed anti-CD40/IL-4-mediated in vitro induction of IgE production by murine spleen cells. We subsequently demonstrated that minocycline or doxycycline suppressed anti-CD40/IL-4-mediated in vitro induction of IgE production by PBMC obtained from allergic asthmatic humans (6) . In preliminary studies, we reported that minocycline treatment of allergic asthmatic patients suppressed their ongoing IgE responses in vivo (7) (8) (9) (10) .
The mechanisms by which minocycline suppresses IgE responses in vivo (7) (8) (9) (10) and in vitro (5, 6) are unknown. It is well recognized that tetracyclines have non-antibiotic pleiotropic anti-inflammatory properties, including ability to inhibit production of IL-1 and tumor necrosis factor alpha and development of septic shock (11) , inflammatory cell trafficking (12) , lymphocyte proliferative responses (13) , generation of reactive oxygen species (14) , iNOS protein expression (15) and matrix metalloproteases (16) , any of which might play a role. Nevertheless, it is also possible that antibiotic activities of tetracycline, which is bacteriostatic (17) , may play a role in suppression in vivo by mediating release of bacterial cell wall components (BCWC), which can mediate switching of T cell subsets in rodents (18) and suppress rodent IgE responses (19) (20) (21) (22) . Further, Durkin et al. (22) demonstrated that certain BCWC (peptidoglycan) suppress IgE responses, findings that antedate the hygiene hypothesis (23) . Studies of Gerhold et al. (24) demonstrated that LPS suppresses IgE responses.
The present studies investigate the ability of tetracyclines to regulate ongoing human and murine IgE responses in vivo and murine memory IgE responses in vitro. We found that tetracyclines strongly suppressed these responses and that tetracycline-mediated suppression of IgE responses was IgE isotype specific. Suppression of murine IgE responses in vivo was dose dependent and transient, lasting 5-7 days.
Methods

Human studies
Subjects. This open-label study was approved by the Institutional Review Board at SUNY Downstate Medical Center. The procedures followed were in accordance with institutional guidelines involving human subjects. The protocol is registered at ClinicalTrials.gov as No. NCT00536042 (www.clinicaltrial.gov). Each subject gave written informed consent.
Adult asthmatic subjects (ages 18-75 years) with a history of allergic asthma (25) , aeroallergen sensitization by epicutaneous skin testing (26) and/or in vitro allergen-specific IgE (Pharmacia Unicap 100, Pharmacia Diagnostics, Uppsala, Sweden) were eligible to enroll. Excluded from the study were pregnant women, patients with chronic obstructive pulmonary disease or chronic liver diseases and those with a history of hypersensitivity to tetracyclines.
Procedures. Adult asthmatic subjects were given minocycline capsules for treatment of asthma as add-on therapy to standard therapy (25) for up to 1 year. Treatment regimens were not altered during the 1-year period, excluding use of oral steroid rescue therapy. Each subject received a prescription for minocycline 150 mg po twice daily. These doses were increased by 50 mg BID every 8 weeks to a maximum dose of 250 mg twice daily. This dosing regimen was selected because it was previously used to treat patients with rheumatoid arthritis (27) . It is well recognized that minocycline can cause nausea or dizziness (17) . If a subject had either nausea or dizziness, she/he was advised to decrease the dose by discontinuing first the 50 mg capsule. If this was insufficient to diminish side effects, the patient was advised to discontinue the 100 mg capsule and continue with the 50 mg capsule dose. The subject would then continue with this dose until completion of the study. This approach optimized dosing and assured potential for maximum benefit with minimal adverse effects.
Total 
Mouse studies
Animals and immunization. BALB/c mice, purchased from Jackson Laboratory, Bar Harbor, ME, USA, were randomly bred for up to three generations in the Animal Center at SUNY Downstate. Experimental and control mice, males or females, 6-8 weeks old, were age and sex matched in individual studies. Mice were injected intraperitoneally with benzylpenicilloyl 14 -keyhole limpet hemocyanin (BPO 14 -KLH) (10 lg), prepared according to published methods (28) , in aluminum hydroxide gel (alum, 0.2 ml) on days 0, 21 and 42 to induce peak BPO-specific IgE responses on days 46-60 (n = 6 per group), as reported in our previous studies (21, 22, 28) . Mice were fed (gavage) with either minocycline or doxycycline (10- AFC. The numbers of BPO-specific IgG 1 , IgE and IgA AFC were detected ex vivo and on days 0-10 of culture in ELI-SPOT assay performed according to the method of Smith et al. (28) , and as in our previous studies (21, 22) . To induce hapten-specific memory responses in vitro, mesenteric LN or spleen cells (5 3 10 6 ml À1 ; total volume of 8 ml) were cultured for 0-10 days in six-well flat-bottom tissue culture plates (Costar, Cambridge, MA, USA) 6 BPO 25 -KLH (12.5-3200 ng ml À1 ) 6 varying concentrations of minocycline or doxycycline (results for BPO 25 -KLH at 50 ng ml À1 and tetracyclines at 100 ng ml À1 are reported) in complete medium (21, 22, 28) at 37°C in a humidified atmosphere of 7% CO 2 in air, after which cells were recovered, and the numbers of BPO-specific memory IgG 1 , IgE and IgA AFC were determined in ELISPOT assay. In this system, residual in vivo AFC responses of mesenteric LN and spleen are detected until day 2 of culture (see Table 3 ). On day 3, BPO-specific memory IgE (and other) antibody responses induced in vitro first appear, and usually peak on day 5 (see also [23] [24] [25] . Therefore, the effects of minocycline or doxycycline added to cultures on day 0 were measured on day 5 
Detection of serum IgE responses (ELISA)
. Levels of anti-BPO antibodies of various isotypes in pooled serum samples obtained from six mice per group on day 46 were analyzed at four different dilutions by ELISA using BPO-BSA-coated plates (96-well flat-bottom ELISA PLATES; Corning No. 25802, Corning, Inc., Corning, NY, USA). Serum IgG, IgE and IgA levels were obtained by comparing serum titrations with standard curves constructed using PC-BSA-coated plates and a panel of mouse anti-PC mAb of various isotypes. Data represent the mean of triplicate wells and are expressed as ng ml
À1
.
Results
Human studies
All participants in this study (n = 14), whether treated with minocycline as add-on therapy or not, received standard care before and throughout the study period (Table 1 ). All had either severe persistent (subject nos 1-8), mild persistent (nos. 9-12) or mild intermittent (nos. 13, 14) asthma. The duration of their asthma was either lifelong, i.e. since early childhood (nos. 1-4, 8, 9, 12) or 2-55 years (nos. 5-7, 10, 11, 13, 14) .
Of the 14 allergic asthmatic subjects who participated in this study, most were African-American (nos. 1-7, 9-11, 13), two were Hispanic (nos. 8, 12) and one was Caucasian (no. 14). Twelve subjects were female and two were male (nos. 7, 14) .
The allergic asthmatic subjects on standard care (n = 14) described in Table 1 were divided into two groups according to their willingness to participate in the minocycline open trial: those who would receive oral minocycline in addition to standard therapy for up to 1 year (nos. 1, 2, 6-8, 12, 14) (minocycline group) and those who would continue to receive standard therapy but did not receive oral minocycline (nos. 3-5, 9-11, 13) (control group).
Serum immunoglobulin (IgE and IgM, IgG and IgA) responses of allergic asthmatic subjects before commencement of study. IgE. All allergic asthmatic subjects in the minocycline group (subject nos. 1, 2, 6-8, 12, 14) had elevated levels of serum IgE (137-1367 IU ml À1 ) (normal serum IgE levels: <100 IU ml
À1
, where 1 IU = 2.4 ng ml À1 ) (29) ( Table 1 and Fig. 1A) . Levels of serum IgE in the control Table 1 and Fig. 1A and B ; data for IgG shown in Fig. 1C and D and data for IgM and IgA not shown).
Effect of oral minocycline treatment on serum immunoglobulin levels of allergic asthmatic subjects. IgE. Allergic asthmatic subjects (nos. 1, 2, 6-8, 12, 14) who received oral minocycline treatment for up to 1 year had dramatic decreases in their serum IgE levels at the end of their treatment periods (47.6 6 14.7%) ( Figs 1A and 2, top panel) . The decreases in serum IgE levels of these subjects were first observed at 2 months (17 6 29.4%), decreased further, then leveled off at 4-6 months (41.2 6 21.2%) and remained decreased at the end of the treatment period (47.6 6 14.7%). In contrast to the minocycline group, serum IgE levels of the untreated control group were not suppressed (Fig. 1B) .
IgM, IgG and IgA. Unlike the decreases in serum IgE observed in the minocycline-treated allergic asthmatic group (Figs 1A and 2), minocycline treatment had virtually no effect on their serum IgM, IgG and IgA levels, which, at the end of the minocycline clinical trial resembled those detected before minocycline treatment and those of normal subjects (data for IgG shown in Fig. 1C and D and data for IgM and IgA not shown).
Mouse studies
Minocycline-and doxycycline-mediated suppression of peak murine-specific IgE AFC responses. Peak BPO-specific IgE and IgA AFC responses were detected in mesenteric LN and spleen on day 46 (mesenteric LN and spleen of six mice assayed individually) (data for IgE and IgA shown in Fig. 3 and data for IgG1, not shown). When mice were fed (gavage) with varying doses of either minocycline or Fig. 1 . Effect of oral minocycline treatment on serum immunoglobulin (IgM, IgG, IgE and IgA) levels of allergic asthmatic humans. Adult allergic asthmatic subjects (n = 6) were given minocycline (150-250 mg po* BID**) as add on to standard therapy for up to 1 year. Control allergic asthmatic subjects (n = 8) received standard therapy (see Table 1 for description of subjects). Serum IgE and IgM, IgG and IgA levels of all subjects were measured before and monthly after initiation of minocycline treatment (total IgE fluoroenzymeimmunoassay and nephelometry, respectively). IgE levels of minocycline-treated subjects are shown in panel (A) and controls in panel (B); IgG levels of minocycline treated subjects are shown in panel (C) and controls in panel (D). IgM and IgA levels, like IgG levels, did not significantly change in minocycline-treated or control groups (P = ns) (data not shown). Data for IgE are expressed as IU per milliliter and for IgG milligram per deciliter; * per os (by mouth) and ** bis in die (twice daily). Fig. 2 . Serum IgE levels of allergic asthmatic subjects at termination of minocycline treatment. Subjects are the same adult allergic asthmatics (n = 6) described in Figure 1 and Table 1 , who were given minocycline (150-250 mg po BID) as add on to standard therapy for up to 1 year. Serum IgE levels were measured before and monthly after initiation of minocycline treatment, until treatment terminated or continued to 1 year (total IgE fluoroenzymeimmunoassay). Data are expressed as percent change at 1 year compared with baseline levels at initiation of minocycline treatment.
doxycycline on day 44 (10-100 mg kg À1 ) (n = 6 per group), with either minocycline or doxycycline at 50 and 100 mg kg
À1
. BPO-specific IgE AFC responses in mesenteric LN and spleen were strongly suppressed on day 46, compared with immunized mice fed with saline on day 44 (95-99%) (data for minocycline shown in Fig. 3 ). Similar levels of suppression were obtained with doxycycline treatment at 50 and 100 mg kg À1 (95-99%) (data not shown). Suppression obtained with minocyline (and doxcycline) at 50 and 100 mg kg À1 lasted ;12 days, after which BPO-specific IgE AFC responses increased. In contrast to IgE responses that were suppressed, minocycline (and doxycycline) treatment did not result in decreased IgA (Fig. 3) or IgG1 (data not shown) responses. As was true of minocycline-mediated suppression of human IgE responses, minocycline-mediated suppression of murine responses was dose dependent and IgE isotype specific.
Minocycline-mediated suppression of serum IgE (ELISA). When BPO-KLH-sensitized mice were fed with either minocycline or doxycycline, there were statistically significant decreases (P < 0.01) in levels of serum IgE but not IgG or IgA. IgE levels were suppressed ;75% on day 46 (Table 2) . Minocyclineand doxycycline-mediated suppression of murine IgE responses was IgE isotype specific in that IgG and IgA levels did not decrease.
Minocycline/doxycycline-mediated suppression of in vitro induction of BPO-specific memory IgE responses. Peak hapten-specific memory IgE responses are induced in vitro when mesenteric LN or spleen cells obtained from BPO-KLH sensitized mice at the peak of the hapten-specific IgE response in vivo (day 46) are cultured for 5 days in the presence of specific antigen ( Table 3) . Inclusion of either minocycline or doxycycline in culture prevented in vitro induction of BPO-specific memory IgE responses but had no effect on induction of BPO-specific memory IgG 1 or IgA responses (data for minocycline shown in Table 3 ; similar data obtained for doxycycline are not shown).
Discussion
This is the first report that (i) minocycline treatment of allergic asthmatic patients strongly suppresses their ongoing IgE responses, (ii) minocycline or doxycycline treatment of BPO-KLH-sensitized mice at the peak of the hapten-specific IgE response virtually abrogates this IgE response, (iii) minocycline and doxycycline suppress in vitro induction of murine memory IgE responses and (iv) there is a statistically significant minocycline-or doxycycline-mediated suppression of human IgE responses in vivo and murine IgE responses in vivo and in vitro that is IgE isotype specific.
Our finding that oral minocycline treatment strongly suppressed ongoing IgE responses of allergic asthmatic patients may explain our earlier observations in these patients that such treatment improved their asthma symptoms, had significant oral steroid sparing effects and improved their spirometric outcomes (2, 3), indicating the potential usefulness of minocycline in anti-allergy/asthma therapy. The dose of oral minocycline required to initiate suppression of IgE responses in the present studies was ;150 mg, given twice daily for two months, with prolonged treatment of the allergic asthmatic patients resulting in suppression of IgE responses of about 50%. The doses used in this study exceeded the standard antibiotic dose of 100 mg po twice daily, which can cause side effects including dyspepsia, nausea and dizziness (31) . Similar side effects were observed in the present study, requiring dose adjustments. Doses of minocycline used in our study were similar to those previously used by others to improve symptoms of patients with rheumatoid arthritis, with similar side effects (27) .
The decreases in patient IgE levels observed in the present studies were substantial (;50%). Nevertheless, serum IgE levels of most patients at the end of the minocycline treatment period remained above normal levels. This raises the interesting question of whether optimization of minocycline treatment doses/regimens might further improve patient symptoms, and this is currently being investigated. The use of single minocycline (or doxycycline) doses in our murine studies to virtually abrogate peak IgE responses for >1 week suggests that optimal doses may be identified for human studies.
The mechanism(s) by which minocycline suppressed human and murine IgE responses in vivo and in vitro and improved human asthma symptoms (2, 3) is unknown. It could be that minocycline-mediated suppression of ongoing human and murine IgE responses in vivo is attributable to antibiotic activity of minocycline, which is bacteriostatic (17) , presumably resulting in lysis of bacteria and release of BCWC. Earlier studies of Durkin et al. (22) demonstrated that certain bacteria and BCWC (peptidoglycan and its synthetic derivatives suitable for use in man) strongly suppress rodent IgE responses. Subsequent studies by Braun-Fahrlander et al. (32) reported that increased levels of endotoxin were inversely associated with atopic wheezing. The results of these studies are consistent with the hygiene hypothesis that suggests that bacteria play important roles in regulation of IgE/allergic responses (23) . Although the cell/cytokine pathways involved in suppression of these responses remain to be defined, preliminary studies of H. G. Durkin (unpublished data) have shown that bacterial peptidoglycan interacts with its toll-like receptors on cells of gut to initiate suppression of rodent IgE responses in vivo. Nevertheless, bacterial activity cannot account for the ability of minocycline or doxycycline to suppress in vitro induction of murine memory IgE responses in the present studies or anti-CD40/IL-4-mediated induction of IgE responses by PBMC of allergic asthmatic humans in our previous studies (6) because no bacteria were present in culture. Therefore, at least in vitro, other (nonbacterial), mechanisms are involved in suppression of IgE responses. It is well recognized that pleiotropic Data represent the mean percent of triplicate wells in three experiments performed using sera obtained from freshly bled mice (4-6 per group) and are expressed as nanogram per milliliter 6 SD. Student's t-test (two-tailed, samples of equal variance): IgE levels of minocycline versus saline-fed mice P < 0.01; IgE levels of doxycycline versus saline-fed mice P < 0.01. Levels of IgG and IgA for both minocycline or doxycycline versus saline-fed mice P = ns.
anti-inflammatory effects are associated with tetracyclines (11) (12) (13) (14) (15) (16) 33) , and it is, therefore, possible that these or other mechanisms may play a role in suppression of IgE responses in vitro, as well as in vivo.
Whatever the mechanism(s) in vivo or in vitro, the fact that tetracyclines suppressed both human and murine IgE responses in vivo and murine IgE responses in vitro without decreasing IgM, IgG or IgA responses indicates that they specifically target IgE responses and appears to rule out generalized cytotoxicity of T and B cells. However, it remains possible that there was selective toxicity of cells involved in IgE responses; if so, this may be a way in which IgE responses are regulated in vivo. Other evidence that IgE responses are specifically targeted is provided by recent studies of Erstein et al. (34) in our laboratory, which demonstrated that minocycline treatment of allergic humans suppresses allergen-induced mast cell-mediated late phase responses but does not interfere with responses to recall antigen (classic delayed-type hypersensitivity skin testing). Taken together, these observations strongly indicate the suitability of minocycline/doxycycline as anti-allergy drugs. The present studies in which minocycline and doxycycline suppressed in vitro induction of memory IgE responses suggests that memory T or B cells are targeted by non-antibiotic activities of these tetracyclines. This indicates that antibiotic activity of these tetracyclines is not required for suppression of memory IgE responses in vitro and further indicates that chemically modified tetracyclines that lack antibiotic activity would be ideal candidates for anti-allergy drugs. An ideal chemically modified tetracycline for anti-allergy activity would continue to suppress IgE but not other immune responses, would be devoid of antibiotic activity and would not produce adverse effects associated with the parent molecules, including graying of skin (35) and development of autoimmunity (36) and deposition in growing bones and teeth (17) .
To date, there is no commercially available drug that decreases human IgE responses at the level of IgE production. All currently available therapies, including omalizumab (anti-IgE monoclonal antibody) target the cellular and clinical sequelae of IgE-triggered immune responses either after IgE is produced or after it binds to its cellular receptors (37) . However, the fact that tetracyclines suppress in vitro induction of memory IgE responses by mechanisms that do not involve antibiotic activity indicates the potential usefulness of chemically modified tetracyclines lacking antibiotic activity as anti-allergy/asthma agents. Development of such agents would markedly enhance our ability to treat diseases with altered IgE regulation. Similar results were obtained with doxycycline in culture; similar results obtained with minocycline and doxycycline for mesenteric lymph nodes. BALB/c mice were injected intraperitoneally with BPO 14 -KLH in alum on days 0 and 21 and killed on day 46. The numbers of BPO-specific AFC (IgG 1 , IgE and IgA) in spleen were measured in ELISPOT assay, either ex vivo or after cells were cultured for 1-6 days 6 BPO 25 -KLH (50 ng ml À1 ) 6 minocycline. Data represent the mean percent of triplicate wells in three experiments (4-6 mice per group) and are expressed as AFC 10 À7 cells 6 SD. <30, <1, <6 IgG1, IgE, IgA AFC, respectively, indicate no ELISPOTs of these isotypes were detected.
